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Abstract - The maximum scanning amplitude achievable by 
resonating micro-mirrors intended for micro-projection display 
applications is a function of air damping. Simplified analytical 
damping calculations can be employed in order to determine the 
damping moment of electrostatically actuated micro-mirrors 
however, their accuracy is limited. Three-dimensional 
computational fluid dynamic models are therefore presented to 
simulate the interaction of air with a MEMS micro-mirror 
oscillating at high frequency and large scan angles. Transient 
analyses were performed using the sliding mesh technique 
available in ANSYS Fluent to evaluate the dynamic fluid flow 
conditions present in vertical comb structures. The time-
dependent damping moment contributions due to viscous shear 
and pressure drag are subsequently computed for both mirror 
plate and comb drive structures. Good agreement in the overall 
quality factor is achieved between simulation and measurement 
results.   
Keywords—resonating micro-mirror; laser beam scanning; air 
damping; vertical comb drive  
I.  INTRODUCTION 
Laser beam scanning (LBS) based on resonant MEMS 
micro-mirrors is one technology currently being considered for 
the development of miniaturized image projection systems [1] 
[2]. Emerging micro-projection display applications include 
embedded pico-projectors for mobile devices and automotive 
head-up displays. In the case of LBS, light is scanned through 
a path while being dynamically modulated, therefore, 
generating one pixel at a time in a similar way as cathode ray 
tube (CRT) devices.  
In order to perform two dimensional laser scanning, 
STMicroelectronics (STM) proposed a system that incorporates 
two single-axis micro-mirrors in a projection engine [3]. In this 
method, one micro-mirror is actuated at the resonant frequency 
of its fundamental torsional mode in order to generate a 
horizontal scan, while the second micro-mirror is driven by a 
low frequency signal for vertically scanning.  
In LBS, the optical resolution is primarily dependent on the 
scanning frequency, fs, scan angle amplitude, θmax, and the 
dimensions of the resonating micro-mirror [4]. In order to 
achieve SVGA resolution (800 x 600 pixels), the requirements 
are: θmax = 12°,  mirror diameter, D =1 mm and fs = 21 kHz.  The 
resonating micro-mirrors fabricated by STM are actuated 
electrostatically via vertical comb drive structures with all drive 
electrodes etched from the mirror-plate layer. The achievable 
scan angle amplitude for an applied drive voltage is determined 
by the capacitance-θ variation of the comb drive actuators 
together with the air damping losses [5].   
Resonating micro-mirrors are typically operated in air at 
atmospheric pressure in order to provide a smooth frequency 
response around the resonant frequency and to prevent 
excessive dynamic amplification such that structural failure of 
the torsional springs is inhibited. The three main dissipative 
mechanisms occurring in the resonating device are (i) pressure 
drag on the mirror-plate and comb drive structures undergoing 
large angle oscillations; (ii) viscous shear due to the relative 
sliding motion of the drive electrodes; and (iii) squeeze film 
damping at the bottom surface of the mirror plate.   
Given that gas damping directly affects the optical 
performance of the resonating micro-mirror a number of 
analytical and numerical methods have been proposed. Manh et 
al [6] used one-dimensional Couette and Stokes models to 
derive the relevant damping losses for electrostatically actuated 
micro-mirrors. Sandner et al [7] on the other hand applied a 
semi-empirical equation for the pressure drag on a circular plate 
with out-of-plane rotation. Xia et al [8] derived the squeeze film 
damping loss for circular micro-mirrors from the non-linear 
Reynolds equation and results were compared to simulations 
using the boundary element solver in CoventorWare® [9]. 
Numerical studies based on the 3D Navier Stokes CFD models, 
were also performed by Mirzazadeh et al [10] using the 
dynamic mesh technique to acquire the transient damping 
torque.  
In this study, the complex fluid-structure interactions in 
resonating micro-mirrors with electrostatic actuation will be 
discussed. Moreover, computationally efficient Navier Stokes 
CFD models capable of simulating large scan angles will be 
proposed in order to address the limitations of the simplified 
analytical models. Using a resonating micro-mirror fabricated 
by STM as a test case (Fig. 1a), the numerical results were 
validated using a PSD (position sensitive detector)-based 
measuring system. 
II. DAMPING THEORY 
In order to achieve large scan angle oscillations, the 
electrostatic energy has to overcome the energy loss due to air 
damping. Energy dissipation due to air damping in resonant 
micro-mirrors is derived from two main sources:  
Comb drive structure - The viscous fluid motion within the 
comb structure gives rise to a velocity gradient normal to the 
finger surface, u n∂ ∂  : where u  is the velocity field adjacent to 
the comb finger surface area, A1 and n
 is the unit vector normal 
to A1. This results in a shear force, τ
 on the moving finger 
proportional to the air viscosity, η and u n∂ ∂   at the fluid-
structure interface.  
Mirror plate - The mass transport of air due to the large 
angle oscillations of the mirror plate induces pressure drag. The 
resultant force is proportional to the area of the mirror plate 
normal to the flow direction, A2 and the local fluid pressure, p. 
Apart from pressure drag, mirror plate oscillations in close 
proximity to the bottom surface of the cavity may give rise to 
squeeze film damping. However, for micro-mirrors having a 
cavity depth to mirror diameter ratio greater than 0.1, squeeze 
film effects can be neglected [10]. The total damping torque 
magnitude, Md resulting from viscous and pressure drag can be 
deduced from (1) where ˆ.d dM zτ=
 , dτ
 is the damping torque 
vector and r is the radial position vector component with 
respect to the rotational axis. 
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The energy dissipation via air damping, Eloss over one period 
of oscillation is given by (2) while the quality factor, Q is given 
by (3) where I is the moment of inertia of the micro-mirror.  
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III. MICRO-MIRROR CFD MODEL: METHODOLOGY  
In order to determine the appropriate fluid mechanical 
model to be used to predict the micro-mirror air damping losses, 
the Reynolds number, defined as the ratio of pressure to viscous 
forces, is considered. The maximum Re of a micro-mirror can 
be defined by (4) where ρ is the air density [11]: 
2Re MAX sf D
πρ θ
η
=                                 (4) 
The airflow surrounding the micro-mirror structure is 
expected to be laminar since the maximum Re is significantly 
below the critical Re of 2300 beyond which the flow is 
considered turbulent. Moreover given that the Knudsen 
number, Kn, defined as the ratio of the mean free path length to 
the finger gap width, is between 103 and 0.1, the non-slip flow 
assumption at the comb structure-fluid boundary is not valid. 
Air damping of the resonating micro-mirror was analysed 
using the transient Navier Stokes equations for incompressible, 
laminar flow in ANSYS Fluent. In order to simplify the fluid-
structural coupling, the micro-mirror structure was assumed 
rigid and only the fluid domain was simulated. Moreover, the 
low-pressure boundary slip option is activated in order to model 
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Fig. 1. CFD model of comb structure (CFD_1): (a) boundaries of the comb 
finger cell (b) rotating mesh zone A (red) including drive finger boundary 
surfaces (R1, R2) and stationary mesh zone B (grey) including static finger 
boundary surfaces (S1, S2) 
rarefaction effects using Maxwell’s velocity slip formulation 
[12]. 
Due to the presence of significant length scale variation, 
separate CFD models were developed for the comb structure 
and mirror plate while symmetry in the design was exploited to 
reduce the computational domain size. The boundaries of the 
comb structure fluid model (CFD_1) are shown in Fig. 1a. The 
model consists of a single finger gap on either side of the 
rotational axis in order to facilitate the simulation of rotor finger 
rotation. The mirror structure fluid model (CFD_2) consists of 
half the mirror plate and support structure while the comb 
structure was not included as shown in Fig. 2.  
In order to simulate the relative movement between the 
rotating and fixed comb fingers in the CFD_1 model, the sliding 
mesh technique available in ANSYS Fluent was applied [13]. 
Given that the flow is time-periodic and the solution is not a 
function of mesh motion, the sliding mesh is more efficient for 
the modelling of fluid boundary motion compared to dynamic 
meshing which involves mesh cell deformation. The numerical 
domain was split in two zones as shown in Fig. 1b. In the inner 
cylindrical volumetric zone (A), consisting of the rotating finger 
surface boundaries (R1 and R2), the element nodes are allowed 
to rotate and slide relative to the outer volumetric zone (B), 
which includes the static finger surface boundaries (S1 and S2). 
Fluid motion between zones is allowed to occur through the 
non-conformal interfaces between both zones, which are 
dynamically updated after every time step. In the mirror 
structure model, CFD_2, the static and rotating comb fingers 
are not included, thus the need for multiple fluid zones is 
eliminated. Moreover, given that squeezed film damping is 
negligible a cylindrical fluid domain was considered to 
facilitate mesh motion.  
A sinusoidal time-varying angular velocity profile was 
prescribed via a user-defined function to enable mesh motion. 
For all runs, 3 cycles and 50 time steps per cycle were simulated 
while 20 iterations were performed during every time step to 
ensure solution convergence (flow continuity residual <10-4) . 
The elemental viscous shear stresses and static pressures 
obtained from the CFD simulations were combined using (1) in 
order to derive the total moment acting on the rotating surface 
boundaries. The total damping moment on the mirror plate, 
Mplate and comb structures, Mcomb was thus deduced, at each time 
step, for both models.  Due to the different length scales 
involved and fluid flow complexity, a comprehensive mesh 
independence study was performed.  
IV. RESULTS 
The resulting fluid flow velocity streamlines around the comb 
finger cell together with the shear stress distribution on the 
partially-disengaged rotating finger surfaces can be seen in Fig. 
3a. On the other hand, the fluid vortices originating from the 
micro-mirror plate edges are shown in Fig. 3b together with the 
static pressure distribution along the mirror surface at the time 
step where Mplate is maximum. The combined pressure and 
viscous moments acting on the mirror plate, Mplate and comb 
structure, Mcomb, are plotted in Fig. 4. The phase difference 
relative to the angular velocity, resulting from fluid inertia 
effects, indicates that only the real part of Mplate and Mcomb 
contributes to the overall dissipative damping moment Md.  
To validate the CFD damping results a PSD-based 
measurement system (Fig. 6) was set-up in order to deduce Q 
 
Fig. 2. CFD model of micro-mirror structure (CFD_2) 
Table I. Comparison of results from damping analysis using analytical calculations, CFD simulations and PSD-based measurements  
θmax (°) 
Eloss per scan cycle (J) Q 
Analytical [6] CFD CFD Measurement(PSD) 
Mirror plate Comb structure Mirror plate
Comb 
structure Mirror plate Comb structure Total Total 
4 3.88×10-10 9.30×10-10 1.55×10-9 1.70×10-9 2018.50 1842.29 1056.94 1053.42 
10 2.42×10-9 5.82×10-9 1.35×10-8 1.20×10-8 1442.50 1632.05 849.64 876.08 
from the decay rate of the damped free oscillations of the 
resonating micro-mirror. Given that Q is dependent on scan 
angle, an averaged amplitude decay rate is deduced from a time 
window consisting of 100 cycles by fitting a decaying 
exponential function based on a least squares method. Good 
agreement in the overall Q is obtained between the 
measurements and simulations (see Table I). However, a 
considerable discrepancy can be noticed when comparing the 
energy loss values to those obtained analytically from [6]. 
The results obtained from the CFD simulations can be used 
to determine the achievable θmax for a given drive voltage. At 
the resonant frequency, the electrostatic energy, Eel is equal to 
the energy loss due to air damping. The electrostatic moment, 
Mel, generated by the vertical comb drive structure is dependent 
on the non-linear variation of the capacitance, C with scan 
angle [14]. FEM simulations were performed to obtain the 
relationship between C and θ in order to derive Mel as in (5). 
For a sinusoidal drive voltage signal of 240 Vp-p, the maximum 
scan angle amplitude is 12.86° as shown in Fig. 5 
21
2el
dCM V
dθ
=                                  (5) 
CONCLUSIONS 
An in-depth analysis on the fluid-structure interactions of a 
micro-mirror resonating at high frequency and large scan angles 
is performed. Limitations of analytical formulations used to 
predict the damping moment of the mirror plate and vertical 
comb actuator are discussed. A robust numerical set-up based 
on computational fluid dynamics is developed in order to 
deduce the quality factor and maximum scan angle. Using a 
Navier Stokes solver with corrections for slip flow, the time-
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Fig. 3. Contour plots showing: (a) shear stress distribution on the rotating 
comb finger surface (A1) and adjacent flow velocity field at the instant 
when θ = 5°; (b) static pressure distribution on mirror plate surface (A2) and 
flow velocity field at the mid-plane at the instant when θ = 11.2° 
(fs = 21 kHz; θmax = 12°) 
 
 
Fig. 4. Combined pressure and viscous moment on  
mirror plate and comb structures (fs = 21 kHz; θmax = 12°) 
 
Fig. 5. Variation of electrostatic energy (240 Vp-p drive voltage) and 
energy loss due to damping with micro-mirror angle 
 
dependent moments resulting from viscous shear and pressure 
drag are calculated. Simulations results were verified against 
measurements using a position sensitive detector. The 
dissipative energy variation with scan angle is deduced from 
simulations in order to determine the resulting peak amplitude 
of the micro-mirror oscillations for a given drive voltage.  
ACKNOWLEDGMENTS 
The work presented in this paper is part of the research 
undertaken by the authors in Lab4MEMSII, which is an ENIAC 
Joint Undertaking financed project. 
REFERENCES 
 
[1]  R. Farrugia, I. Grech, D. Camilleri, O. Casha, E. Gatt 
and J. Micallef, “Theoretical and finite element 
analysis of dynamic deformation in resonating 
micromirrors,” Microsystem Technologies, vol. 24, 
no. 1, pp. 445-455, 2017.  
[2]  R. Farrugia, I. Grech, D. Camilleri, O. Casha, J. 
Micallef and E. Gatt, “Design optimization of a high 
frequency resonating micro-mirror with low dynamic 
deformation,” in Symposium on Design, Test, 
Integration and Packaging of MEMS/MOEMS, 
Bordeaux, 2017.  
[3]  G. Silva, F. Carpignano, F. Guerinoni, S. Costantini, 
M. D. Fazio and S. Merlo, “Optical Detection of the 
Electromechanical Response of MEMS Micromirrors 
Designed for Scanning Picoprojectors,” IEEE 
Journal of Selected Topics in Quantum Electronics, 
vol. 21, no. 4, pp. 147-156, 2015.  
[4] H. Urey, D. Wine and T. Osborn, “Optical 
performance requirements for MEMS-scanner based 
microdisplays,” in MOEMS and Miniaturized 
Systems Conference, Santa Clara, 2000.  
[5] T. Klose, H. Conrad, T. Sandner and H. Schenk, 
“Fluidmechanical Damping Analysis of Resonant 
Micromirrors with Out-of-plane Comb Drive,” in 
COMSOL Conference, Hannover, 2008.  
[6] C. Hoang Manh and K. Hane, “Vacuum operation of 
comb-drive micro display mirrors,” Journal of 
Micromechanics and Microengineering, vol. 19, no. 
10, 2009.  
[7] T. Sandner, K. Thomas, A. Wolter, H. Schenk, H. 
Lakner and W. Davis, “Damping Analysis and 
Measurement for a Comb-Drive Scanning Mirror,” in 
MEMS, MOEMS, and Micromachining, Strasbourg, 
2004.  
[8] C. Xia, D. Qiao, Q. Zeng and W. Yuan, “The 
squeeze-film air damping of circular and elliptical 
micro-torsion mirrors,” Microfluidics and 
Nanofluidics, vol. 19, pp. 585-593, 2015.  
[9] A. Frangi, G. Spinola and B. Vigna, “On the 
evaluation of Damping in MEMS in the Slip-Flow 
Regime,” International Journal for Numerical 
Methods, vol. 68, pp. 1031-1051, 2006.  
[10] R. Mirzazadeh, S. Mariani and M. De Fazio, “Fluid 
damping in compliant, comb-actuated torsional 
micromirrors,” in EuroSimE, Belgium, 2014.  
[11] X. Tian, L. Xiao, X. Zhang, J. Yang, L. Tao and D. 
Yang, “Flow around an oscillating circular disk at low 
to moderate Reynolds numbers,” Journal of Fluid 
Mechanics, vol. 812, pp. 1119-1145, 2017.  
[12] G. A. Bird, Molecular Gas Dynamics and the Direct 
Simulation of Gas Flows, Clarendon Press, 1998.  
[13] ANSYS® Academic Research, Release 18.0, Help 
System, Sliding Mesh Theory, ANSYS Inc., 2016.  
[14] B. Portelli, R. Farrugia, I. Grech, O. Casha, J. Micallef 
and E. Gatt, “Capacitance measurement techniques in 
MOEMS angular vertical comb-drive actuators,” in 
Symposium on Design, Test, Integration and 
Packaging of MEMS/MOEMS, Bordeaux, 2017.  
 
 
Fig. 6. PSD-based measurement system 
